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Polynomial ﬁttingRheumatoid arthritis (RA) is a chronic autoimmune disease resulting in joint inﬂammation, pain, and eventual
bone loss. Bone loss and remodeling caused by symmetric polyarthritis, the hallmark of RA, is readily detectable
by bone mineral density (BMD) measurement using micro-CT. Abnormalities in these measurements over time
reﬂect the underlying pathophysiology of the bone. To evaluate the efﬁcacy of anti-rheumatic agents in animal
models of arthritis, we developed a high throughput knee and ankle joint imaging assay to measure BMD as a
translational biomarker. A bone sample holder was custom designed for micro-CT scanning, which signiﬁcantly
increased assay throughput. Batch processing 3-dimensional image reconstruction, followed by automated
image cropping, signiﬁcantly reduced image processing time. In addition, we developed a novel, automated
image analysis method to measure BMD and bone volume of knee and ankle joints. These improvements
signiﬁcantly increased the throughput of ex vivo bone sample analysis, reducing data turnaround from 5 days to
24 hours for a study with 200 rat hind limbs. Taken together, our data demonstrate that BMD, as quantiﬁed by
micro-CT, is a robust efﬁcacy biomarker with a high degree of sensitivity. Our innovative approach toward evalu-
ation of BMD using optimized image acquisition and novel image processing techniques in preclinical models of
RA enables high throughput assessment of anti-rheumatic agents offering a powerful tool for drug discovery.
© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).Introduction
Rheumatoid arthritis (RA) is a chronic and progressive autoimmune
disease inwhich the immune system triggersmultiple inﬂammatory re-
sponses against self-antigens, resulting in erosion of cartilage and bone
in and around the peripheral joints [1]. The pathogenesis of RA includes
a complex inﬂammatory response involving innate and adaptive
immune cells, proinﬂammatory cytokines, and autoantibodies thatrck Research Laboratories, 33
17 992 2487.
ng).
. This is an open access article underinﬁltrate the synovia causing ﬂuid accumulation, pain, and bone dam-
age in the affected joints [2,3].
Animal models of RA have been used extensively to interrogate
the distinct mechanisms of disease pathology and identify potential
biological targets in pursuit of novel therapeutics. Collagen induced
arthritis (CIA) is a widely used rodent model of induced arthritis. The
rat CIA model exhibits multiple facets of human disease including pro-
found cartilage degradation, dependence on complement immunity,
periarticular inﬂammation, and bone resorption [4]. Following collagen
injection, rats display a severe polyarthritic phenotype consisting of
swollen extremities, cartilage degradation, and eventual loss of joint
function, which is, in some aspects, similar to RA [5,6,7]. The reproduc-
ibility, low variability, and rapid disease onset of this model make it athe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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paw thickness is a routinely used surrogate marker of inﬂammatory pa-
thology in this model [5,7,9]. In the rat CIAmodel, approximately 80% of
animals develop visually observable edema in the ankles and paws,
while about 20% of animals develop visually observable edema in the
knee [8–10]. However, evenwhen edema is not present, cellular inﬁltra-
tion, cartilage degradation, and structural changes to bone occur at the
knee and other affected joints [8,10]. While useful, paw thickness does
not reveal the underlying structural changes to the bone caused by dis-
ease since paw thickness only directly measures edema. Assessment of
bonemorphology by imaging is amore sensitive and translational read-
out; damage to its structural integrity, and in particular, periarticular
demineralization, points to hyper-activation of osteoclast activity,
which is a critical component of RA [2].
Over the last two decades, imaging hasmademajor advances in early
diagnosis and therapeutic monitoring of RA [11]. In the clinic, X-ray
radiography is the standard for imaging-assisted diagnosis of RA. Also
based on X-ray technology, computed tomography (CT) has demon-
strated higher sensitivity for quantifying bone erosions in RA patients,
due to its 3-D visualization perspective [12]. It is ideal for bonemeasure-
ments due to its high spatial resolution and the natural contrast be-
tween bone and soft tissue. A reduction in bone mineral density
(BMD), an important biomarker of disease assessed by CT, indicates
poor prognosis for patients with early stages of RA [13–15]. CT has also
been demonstrated to be an excellent tool for assessment of bone dam-
age in preclinical rodentmodels of RA due to its high reproducibility and
inherently quantiﬁable properties [16,17]. Radiological examination has
been applied successfully to monitor progression of RA and osteoarthri-
tis in various preclinical models to gain a deeper understanding of
the pathophysiology of disease [18–25]. Many metrics are used to
track disease progression, including bone volume changes, bone surface
roughness, erosion scoring, 3-D tissue morphometry, and BMD mea-
surements, as measured by X-ray, DEXA, or micro-CT [18–25]. Despite
widespread use of both micro-CT and DEXA to gather BMD measure-
ments, it has been demonstrated, in at least one animal model, that
the volumetric BMD measured by micro-CT is more sensitive than the
2-D BMD measurements acquired by DEXA [24].
Automated analysis can dramatically increase throughput, so special
attention has been given to performance tuning the analysis procedure
by developing new automation methods. For example, Barck et al. de-
scribe an automated method to measure BMD of the paw joints in
mice and Huber et al. describe automated BMD measurements of
femur in human [23,26]. However, other biomarkers, such as changes
in bone architecture, are more heavily emphasized in the literature on
automated bone analysis. There are examples of automation techniques
that can separate trabecular bone from cortical bone or segment trabec-
ular bone using high resolution images [27,28]. An in vivomethod using
registration techniques to detect differences in bone lesion volume in a
rat model using magnetic resonance has also been described [29].
Segmenting speciﬁc bone components, such as trabecular or cortical
bone, and then measuring shape and attributes such as 2-D area and
3-D volume, or bone erosion are the main analysis endpoints in these
publications. Of note, the automation techniques in these studies were
not able to avoid manually separating their regions of interest (ROIs)
from their samples; instead, ROIs were either prepared prior to imaging
or were manually segmented from a larger area after imaging and be-
fore automated image analysis was used to extract measurements.
Herein,we describe a high-throughputmethod to evaluate BMDand
track volume changes of peripheral joints for pharmacological assess-
ment of drug candidates to support discovery of novel therapeutics.
Our objective was to apply BMD measurements of the knee and ankle
joints in the rat CIA model as a rapid and efﬁcient biomarker for drug
screening and optimization. The methods we detail had to replicate
the sensitivity and accuracy of slower acquisition processes, while
speeding up work-ﬂow. The automated analysis method also needed
to correlate with manual analysis and show high reproducibility fromstudy to study. To achieve this goal, we developed a streamlined process
to image eight bone samples simultaneously and perform batch image
reconstruction and automated image cropping. In addition, we demon-
strate a novel automated method of combining image processing
techniques, such as intensity thresholding and skeletonization, with
mathematical techniques in curve ﬁtting and curvature calculations, to
ﬁnd and place a bounding box around the ROIs in CT images quickly
and consistently. The algorithm can process individual images or entire
data sets and provides various metrics of interest including volume and
mean intensity of Hounsﬁeld units of the bone ROI within the bounding
box. Thismanuscript further expounds newmethods of data acquisition
and analysis that utilize the predictive potential of BMD assessment as it
relates to RA outcome and therapeutic treatment in the rat CIA model.
Materials and methods
Development
Micro-CT: acquisition, image reconstruction, and cropping
Conical tubes containing ﬁxed rat hind limbs stored in 70% ethanol
solution were loaded into the micro-CT holder. Samples were posi-
tioned symmetrically on the perimeter of the holder for equal X-ray
beam exposure, with a phantom located in the middle of the holder
(Fig. 1B). CT scans were acquired as described in Haines et al. (2009)
with the exception that the three dimensions of the image data set
(X, Y, and Z) were adjusted to 1000 × 900 × 1300 slices at 100 μm
cubic voxel dimensions and scaled to Hounsﬁeld units (HU) [30]. The
reconstructed data were then cropped into images containing a single
bone sample, using MATLAB (MathWorks, Inc., Natick, MA, USA) soft-
ware to automate this process.
Automated image analysis and manual correction
The CT images were downsampled and thresholded to 300 HU. We
chose this range to be consistent between studies and because it
showed the best dynamic range while still excluding soft tissue. Impor-
tantly, the bone samples on which this threshold is applied undergo
rapid formalin ﬁxation and are then stored in ethanol ﬁlled conical
tubes. This threshold is designed to take the tubes, scanning holder,
and ethanol into account. After thresholding, a morphological closing
operation was applied to the bone mask to ﬁll the holes, and this resul-
tant mask was skeletonized to obtain the main shape of the hind limb
bone. A 6th degree polynomial curvewasﬁtted using a Chebyshev poly-
nomial, as detailed previously [31]. The curvature of the skeleton was
calculated and the peaks of maximum curvature were found, using a
previously published equation [32]. Using the location ofmaximumcur-
vature, segmentation of the knees and ankles was performed by placing
predeﬁned boxes of sizes [X, Y, Z] around each ROI. The two knee and
ankle joint regions of interest at X, Y, and Z were set to 15 × 15 ×
15 mm and 13 × 13 × 13 mm, respectively. These bounding boxes
were placed by aligning the center point of the turning point of the
joint (Figs. 2A, B, C). After box placement, the bone inside is quantiﬁed
using thresholding to obtain volume and HU data for our desired ﬁnal
output: BMD of knee and ankle regions. By thresholding the box, only
the bone is selected as our ROI; air and other materials are excluded
from our measurements. We evaluate BMD as bone mineral content
(mg)/bone region (ROI in cm3) and track volume of the ROI as well.
After automated analysis was complete, cross-sectional views of the
boxes were exported as 2-D image ﬁles for visual inspection to ensure
that the algorithm worked properly (Fig. 2D) and a master Excel sheet
was generated containing the volumes and average HUs for the ROIs
(Fig. 2E). Bounding box placement was visually reviewed and samples
were manually re-analyzed if the boxes were misplaced or if samples
were not analyzed correctly using Amira®5.4.2 image analysis software
(Mercury Computer Systems, Inc., Chelmsford, MA). Detailed methods
are provided in the Supplementary methods section.
Fig. 1.Micro-CT imaging of rat hind limb samples. (A) The design of the conical tube holder with 8 bone samples and a spherical phantom loaded for scanning. Each 50 mL conical tube
contains a single rat hind limb sample ﬁxedwith formalin prior to being transferred to ethanol. (B) A representative cross-section image of a single scanwith 8 ethanol-ﬁlled conical tubes
with hind limb samples and a phantom in the middle.
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The micro-CT sample images were acquired together with a 5-core
density phantom custom designed for the sample holder. The phantom
is a miniaturized clinical Mindways Model 3 solid calibration phantom
(Mindways Software, Austin, TX, USA). The cylinder shaped phantom
has a diameter of 20 mm, and each core has a diameter of 6 mm
(Fig. 3A). The length spans the whole ﬁeld of view longitudinally. The
center of each core, that contains approximately 490 pixels per sliceFig. 2. Automation of BMD analysis of the rat hind limb using a MATLAB-based tool. (A) On th
largest Euclidean distance to the surface were calculated and traced in blue. The right image sho
in red. (B) Plot shows peaks that represent the knee, ankle, and paw joints, respectively, as ident
of knee and ankle joints within the smallest boxes in green. The larger bounding boxes are plac
entire joint and adjacent bone. (D) Cross-sectional views of knee and ankle boneswithin the bou
a quality controlmeasure after analysis is complete. (E) Anexample of data automatically gener
ID, bone volume, and mean HU. (F) Correlation between automated and manual analysis.(diameter = 2.5mm), was taken as a core sample for density measure-
ment (Fig. 3 B, area inside the ring). The CT intensity value was scaled to
Hounsﬁeld units (HU) andwas converted to an equivalent bonemineral
density (mg/cm3 K2HPO4) using the in-scan calibration phantom.
The density phantom is referred to as K2HPO4 equivalent density
phantom with densities equivalent to−51.8, −53.40, 58.90, 157.00,
and 375.80 mg/mL of K2HPO4 in water. This phantom is functionally
equivalent to hydroxyl apatite phantoms in the clinical settings [33,e left, skeletonization of the image showing points which reside in the bone and have the
ws a 6th degree parametric Chebyshev polynomial curve ﬁtted to the data and is overlaid
iﬁed by the curvature of the hind limb. (C) Chebyshev polynomial ﬁt showing center points
ed and aligned based on the smaller boxes in the centers around the peaks to include the
nding boxes are generated and saved during automated analysis to conﬁrm positioning as
ated by theMATLAB tool upon analysis completion. Themaster Excel sheet includes sample
Fig. 3. Phantom and core sample generation for BMD analysis. (A) Cross section of the density phantom in the holder chamber. Note the center core has similar density to the matrix.
(B) Visual marks left by automated analysis program. The MATLAB program created high density rings in the phantom image after sampling the voxels inside the density cores to offer
a visual clue for quality control.
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regression, similar to past approaches [34], Intercept:




xi− xð Þ yi− yþ y0ið ÞX
xi− xð Þ2
þ b0
where x is the K2HPO4 concentration, y is the HU, and y0 is the displaced
water, y0 (constants for each rod supplied by themanufacturer). i is from
1 to 5 for the phantom cores. a0 and b0 are constants also supplied by the
manufacturer for thewater displacement factors added back to the inter-
cept and slope after the regression, respectively. A linear regression func-
tion is then generated for each scan. When the function is used for
interpolating the mineral density from sample HU, the linear equation
ysample ¼ bxsample þ a
was used. Here, xsample is the CT number from the sample in Hounsﬁeld
unit, and ysample is the corresponding bone mineral concentration equiv-
alent to K2HPO4 concentration water.
An automated MATLAB program was developed internally to seg-
ment the cores of the phantoms and generate the linear equations. The
program searched for all images, then iteratively looked for the phantom
images in the scans, localized the cores, generated the linear equations,
and converted the CT intensities in Hounsﬁeld units from the previous
steps to the mineral densities. The Hough transformation designed to
identify circles was again used to localize the cores in the phantom im-
ages. Once localized, the intensity values of the cores were determined
by averaging all voxel values in the ROIs. To ensure accuracy of the phan-
tom segmentation, a new set of phantom images were generated with
high intensity ring images that can be visually inspected in 3-D visualiza-
tion software such as Amira®. For each sample, BMDwas then calculated
based on the average HU using the respective linear equation.
In vivo studies
Animal use and care
Female Lewis rats, aged 6–7 weeks, were acquired from Harlan Lab-
oratories (Indianapolis, IN, USA), and housed two per cage. Animals had
access to drinking water and standard rodent chow ad libitum, and
were acclimated for 5 days before experiments began. Rats were en-
rolled into studies between ages 7 and 8 weeks, once they reached a
body weight between 125 and 150 g. These experiments were conduct-
ed in accordancewith federal animal care guidelines and all procedureswere reviewed by the Institutional Animal Care and Use Committee
(IACUC) of Merck Inc.
Induction of arthritis
Collagen induced arthritis was induced in rats using methods modi-
ﬁed from those described previously [7,9]. The animals were sensitized
on day 1 with two intradermal injections of 0.9 mg/rat type II bovine
collagen (Elastin Products, Owensville, MO, USA) emulsiﬁed in incom-
plete Freund's adjuvant (Sigma-Aldrich, St. Louis, MO, USA) at the tail
base (sub-cutaneous bolus, 2 sites, 150 μL each). The animals were chal-
lengedwith a second boost of the same collagen emulsion on day 7. The
rats exhibit initial signs of inﬂammation starting on day 11 and reach
maximum paw swelling around day 16. Paw thickness measurements
from both limbs were collected throughout the study using precision
mechanical calipers.
Characterization of CIA model and BMD in cross-sectional peel-off
paradigm
Three non-arthritic controls and 10CIA animalswere euthanized per
day on days 4, 9, 11, 14, 16, 23, and 30 post-disease induction. Paw
thickness was evaluated in vivo throughout the course of the study.
Post-necropsy, hind limbs were excised withmuch of the soft tissue re-
moved. Then, samples were ﬁxed in 10% Neutral Buffered Formalin
(NBF) for 24 h, then stored in 70% ethanol in 50 mL conical tubes, and
ﬁnally imaged with micro-CT.
Therapeutic and prophylactic treatment in rat CIA model
Dexamethasone (Sigma-Aldrich, St. Louis, MO, USA)was dissolved in
vehicle 1:9 PEG 400:10% Tween 80 and 6-α Methyl Prednisolone
(Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 10% Tween 80.
The rats were stratiﬁed into 3 groups: Non-arthritic control, CIA arthritic
control, and either Dexamethasone (DEX) or Prednisolone. Non-arthritic
control animals received intradermal injection of phosphate buffered sa-
line (PBS) vehicle in lieu of bovine collagen. The non-arthritic vehicle
control (n= 6) and CIA arthritic control (n= 10) groups received vehi-
cle (1:9 PEG 400:10% Tween 80) for Dexamethasone experiments or ve-
hicle (10% Tween 80) for Prednisolone experiments in lieu of DEX or
Prednisolone respectively. DEX or Prednisolone was administered orally
at 0.3 mg/kg quaque die (QD) or 3 mg/kg bis in die (BID), respectively
(n = 6 animals). The animals were sacriﬁced and the hind limbs were
excised on day 30 and BMDwas analyzed ex vivo. In the therapeutic par-
adigm, dosing started on day 17, stratiﬁed based on day 16 average hind
paw thickness values. A prophylactic treatment paradigmwas also eval-
uated, in which dosing started on day 1, before disease induction. In ei-
ther paradigm, dosing continued until necropsy on day 30 when bone
samples were collected for BMD and histological analysis.
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Preserved and decalciﬁed samples of ankles and knees were
trimmed, processed and embedded in parafﬁn blocks and sectioned. Se-
lected sections were stained with Toluidine Blue (Bolder BioPATH, Inc,
Boulder, CO, USA) for subsequent microscopic evaluation. A veterinary
pathologist scored the sections of knee and ankle for joint inﬂamma-
tion, pannus formation, cartilage destruction, cartilage damage, and
bone resorption, using severity grades: 1 = very slight, 2 = slight,
3 = moderate, 4 = marked, and 5 = severe.
Testing robustness of analysis techniques
To test accuracy and precision, we performed two follow-up exper-
iments. We postulated that different amounts of long bone or other
bones adjacent to the joints could potentially add signiﬁcant variability
to BMD measurements. Typically, our box sizes are 15 × 15 × 15 mm3
for knee and 13 × 13 × 13 mm3 for the ankle. Our ﬁrst experiment var-
ied box size±1 × 1 × 1mm3 for both joints. For knee, this is a change of
18–21% and for ankle it is a 21–24% change in total bounding box size.
We compared the various box sizes to our original box size using 20
rats: non-arthritic vehicles (N=6), CIA vehicle (N= 8), and DEX treat-
ed CIA (N= 6), for a total of 40 limbs.
In our next experiment, to measure the imaging endpoint reproduc-
ibility, a test–retest study of 20 subjects, was done on two separate
days TEST (day 0) and RETEST (day 3). 6 non-arthritic control, 8 CIA
arthritic, and 6 DEX treated CIA animals' limbs were scanned, recon-
structed, cropped, and auto-analyzed (20 animals, left and right
limbs = 40 samples).
Statistical methods
To statistically analyze the 30-day cross-sectional peel-off study in
the rat CIA model, we apply a two-way cell-mean model:
y ¼ μ i j þ εi jk
where μij characterizes themean of treatment i at time point j, k is index
of subject k for treatment I at time point j. Note that this model ad-
dresses our questions better than the conventional two-way ANOVA
model. We are not particularly interested in the interaction between
time and treatment, which characterizes the overall trend differences
between two treatments over the time course in the two-way ANOVA
model. Instead, we are interested in the differences between treatments
(CIA vs. non-CIA) at all the time points. The cell-mean allows us to con-
veniently build the linear statistical contrasts to estimate the mean
treatment differences and their standard error at each time point, there-
fore, the statistical signiﬁcance of the differences.
For the 30 day treatment studies, a one-way ANOVA model is ap-
plied; in this type of study, there is a response (dependent variable)
and treatments with multiple levels (independent variables):
Y ¼ a0 þ μ i þ εi j
where a0 is the overall mean, i is the index of treatment and j is the
index of the subject.
From this model, one can estimate the variance of the data and com-
pare the means of treatments. Post-hoc t-tests were performed on all
treatment studies using Bonferroni correction.
To assess the robustness, or reproducibility of quantitative measure-
ments, it is best to not be limited by using only one statistical method,
but rather to apply and compare several methods, as suggested by
Krummernauer andDoll [35]. Consequently,we applied the following, ar-
guably the most widely-used statistical methods for test–retest analysis:
• Bland–Altman plot [36]: a plot of the difference versus the mean of
TEST and RETEST, with a 95% limit of agreements. This plot provides
information of bias between the two sets of measurement, and as-
sesses if the two sets of measurement are interchangeable or if there
is a systemic trendof the differences against themeanmeasurements;• Pearson correlation coefﬁcient: this metric quantiﬁes the linear corre-
lation of the two sets of measurements;
• Intraclass correlation coefﬁcient: this metric quantiﬁes how much
TEST and RETEST resemble each other within a subject.
• Coefﬁcient of Variance (CV): this metric is characterized by the
variance of the differences divided by the overall mean, which quan-
tiﬁes how big the average differences are relative to the mean
measurements.
Results
Optimization of CT scan and image processing
The conical tube holder was built to circumvent handling formalin-
soaked hind limb samples. Micro-CT scanning was performed on sam-
ples while still in collection tubes (as shown in Fig. 1). This increased
our efﬁciency by reducing scan time from 4 h to about an hour for
200 samples. The batch reconstruction system by Acceleware signiﬁ-
cantly reduced reconstruction time to about 3 min per scan. We devel-
oped a MATLAB based cropping tool that writes individual images to
Analyze format; these cropped image ﬁles are much smaller and easier
to work with using the downstream image analysis software.
Automated selection of ROIs and data output
To evaluate changes in BMD in and around the joint in arthritic bone
samples, we developed a fully automated analysis method that utilized
a MATLAB platform with only a single line of input code required to run
analysis for the entire study (refer to Fig. 2 for process ﬂow). There
were typically about 2–5% of samples that needed to be manually ana-
lyzed due to incorrect positioning. Excluding incorrectly analyzed sam-
ples, there was an excellent correlation between manual and automated
BMD analysis, for example, R2 = 0.98 (Fig. 2F) for the ankle. For a study
of 200 samples with a 5% failure rate, automated analysis with manual
analysis of the 10 failed samples would take ~5.5 h. If only manual analy-
sis had been used, the same number of samples would have taken over
four full 8-hour work days. The automation saves even more time since
the executed script can run in the background or overnight.
Cross-sectional assessment of BMD in rat CIA model
To characterize and better understand disease pathology in the rat
CIA model, we ran a 30-day cross-sectional peel-off study (Fig. 4). For
non-arthritic animals, knee joint and surrounding bone BMD increased
signiﬁcantly from 476±15mg/mL on day 3 to 560±8mg/mL (mean±
SEM) on day 23 while ankle joint BMD changed from 663 ± 11 to
691± 6mg/mL during the same period. CIA animals showed signiﬁcant-
ly less dense bone 16 days after collagen injection compared to control
animals. By day 30, CIA knee BMD was 479 ± 4 mg/mL and CIA ankle
BMDwas reduced to 604± 4mg/mL (Figs. 4B & D). There was also a de-
crease in the knee volume by day 30 (249 ± 5 mm3) in the CIA animals
compared to control bone volume (294± 9mm3). In the ankle, howev-
er, bone volume in CIA animals increased to 194 ± 4mm3 compared to
non-arthritic ankle bone volume 156 ± 2 mm3. Non-arthritic paw
thickness measurements remained relatively consistent at 3.43 ±
0.04 mm on day 4 and 3.50 ± 0.06 mm on day 30. In contrast, CIA
paw thickness signiﬁcantly increased from 3.46 ± 0.02 mm on day 4
to 5.42 ± 0.23mm on day 14 and was stable until day 30, with average
readings of 5.36 ± 0.08 mm (Figs. 4E & F).
Therapeutic treatment assessment using BMD in rat CIA model
Dexamethasone and Prednisolone, two anti-inﬂammatory agents
with established efﬁcacy in preclinical animal models of inﬂammation,
Fig. 4. Characterization of BMD reduction and changes in bone volume in the rat CIA model. A cohort of female rats, aged 7–8 weeks, was injected with either type II bovine collagen in
incomplete Freund's adjuvant, or PBS as non-arthritic controls. Ten CIA and three non-arthritic animals were sacriﬁced at days 4, 9, 11, 14, 16, 23, and 30 and hind limb samples were col-
lected for bone analysis. Paw thickness wasmeasured prior to takedown. BMD and bone volume of the knee and ankleweremeasured usingmicro-CT. (A) Bone volume of knee ROI of CIA
and non-arthritic controls shown. There is a signiﬁcant difference between induced and non-arthritic controls starting around day 14. (B) Kinetics of knee BMD showing a signiﬁcant dif-
ference between groups also around day 14. (C and D) Bone volume of ankle joint ROI and BMD kinetics is illustrated. Notice that the changes to the ankle region volume happen slightly
later than knee region volume changes. There is a signiﬁcant difference between CIA-induced and non-arthritic controls detected at day 30. (E) Paw thickness increased signiﬁcantly
starting around day 14 in the CIA animals. (F) Representative images of CIA and non-arthritic paws on day 30. *, ** and *** indicate statistical signiﬁcance at p b 0.05, 0.01, and 0.001 re-
spectively, compared to non-arthritic controls.
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in Fig. 5 by day 30, CIA induced signiﬁcant bone loss in the knee and
ankle regions as demonstrated by a decrease in BMD at 472 ± 4 and
579 ± 3 mg/mL, respectively, compared to the non-arthritic controls
at 544 ± 8 mg/mL in the knee and 663 ± 8 mg/mL in the ankle. DEX
treatment signiﬁcantly reduced bone loss, as demonstrated by BMD
values in the knee and ankle of 530± 6mg/mL and 641±2mg/mL, re-
spectively, similar to the normal control BMD values (Fig. 5B). DEX
treated animals' ankle BMD was still lower than that of the disease-
free animals. The decreased BMD in the knee joint was associated
with a decrease in the bone volume (265 ± 2 mm3) in the CIA animals
compared to control knee bone volume (290 ± 6 mm3). Similar to the
cross-sectional study, the ankle bone volume in CIA animals increased
to 207 ± 2 mm3 compared to non-arthritic ankle bone volume 170 ±
3 mm3 while the ankle BMD was signiﬁcantly reduced (Figs. 5E & F).
Prednisolone was tested in this model as well as in a separate experi-
ment. The data were very similar to the results from the Dexamethasone
study except that animals treated with 3 mg/kg of Prednisolone did not
show any bone loss, such that the BMD of Prednisolone-treated CIA ani-
mals was similar to non-arthritic controls (Suppl. Figs. 2, 3).
In order to understand how the relationship between BMD reduc-
tion, inﬂammation, and BMD measurements is related to standard as-
says, we investigated the effect of Dexamethasone and Prednisoloneon paw thickness and histopathology. In the knee joint, the loss of
BMD (Fig. 5B) was associated with bone resorption, cartilage damage,
pannus formation, and inﬂammatory cell inﬁltration, as measured by
histology (Fig. 5D). Histological analysis corroborated our ﬁnding that
Dexamethasone inhibits BMD loss in knee joints. Similarly, histological
analysis of the ankle joints correlated well with BMD measurements
(Suppl. Figs. 3E–I). The end-point paw thickness measurements also
showed very good inverse correlation with ankle BMD measurements
with an R2 = 0.84.
Testing robustness of analysis techniques
When varying box sizes by ±1 × 1 × 1 mm3 for both joints, there
was no detectable difference in BMD output for ankle or knee using a
one-way ANOVA, F (2, 219) = .012, p = .988. Bonferroni corrected
post-hoc t-tests were performed on the three groups and indicate that
noneof the groupswere statistically signiﬁcant at p b .05. This is because
although the box size was varied, the placement between each size
group was consistent using the turning point of the knee and ankle to
position the bounding boxes. Given the results, we are conﬁdent that
small shifts in box placement will not negatively impact results, espe-
cially given the quality control measure of spot checking box placement
built into our analysis method.
Fig. 5. Effect of Dexamethasone on BMD and volume in the CIA model. Starting on day 17, CIA-induced rats were dosed orally QD with vehicle or Dexamethasone at 0.3 mg/kg and non-
arthritic controls were dosedwith vehicle for 2 weeks. Hind limbs were collected for BMD and histological analysis. (A) Bone volume of knee ROI depicted asmean± SEM. (B) Knee BMD
shown asmean± SEM. (C) Representative CT images of 3-D rendered knee jointwith BMD close to group averages. (D) Representative histological images of knee joints. (E) Bone volume
of ankle ROI depicted asmean±SEM. (F) Ankle BMD shown asmean±SEM. (G) Representative CT images of 3-D rendered ankle and foot. (H) Representative histological images of ankle
joints. For histological images, both knee and ankle, S indicates synovium, large arrows indicate cartilage damage, small arrows show pannus formation, and arrowheads show bone
resorption. **, *** and **** indicate statistical signiﬁcance at p b 0.01, 0.001, and 0.0001 respectively, compared to non-arthritic controls. ^^, ^^^, and ^^^^ indicate statistical signiﬁcance
at p b 0.01, 0.001, and 0.0001 respectively, compared to the CIA animals.
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39R.S. Sevilla et al. / Bone 73 (2015) 32–41In our next experiment, we measured endpoint reproducibility
using test–retest on two separate days TEST (day 0) and RETEST
(day 3) with 20 subjects. Four endpoints are considered in the analysis:
Left Knee, Right Knee, Left Ankle and Right Ankle. The quantitativemea-
sures showed great agreement between TEST and RETEST. All the
Pearson's correlation coefﬁcients are larger than 0.98 and intraclass
correlation coefﬁcients (ICC) are larger than 0.94. The Coefﬁcient of
Variance (CV) is all less than 1%, which indicates that the differences be-
tween the two measurements are very small compared to their mean
measurements. Bland–Altman showed RETEST is consistently slightly
higher than TEST, however the difference is relatively small; there is
no signiﬁcant difference between the two measurements. There is no
positive or negative systematic trend, which shows that there is no sig-
niﬁcant difference in measurement precision. In summary, all the 4 im-
aging endpoints show great reproducibility in the test–retest analysis
(Suppl. Fig. 4 and Table 1).
Discussion
In this study,we describe a high-throughputmethod of image acqui-
sition, and a novel, fully automated image analysis technique that as-
sesses bone volume and BMD of the peripheral joints in the rat CIA
model. Detection of BMD reduction in ratmodels of arthritis has provid-
ed a useful biomarker of disease that can track drug efﬁcacy. A limited
number of publications have monitored the peripheral joints in similar
animalmodels of RA, and even fewer use BMD as a biomarker of disease
to delineate therapeutic response [19–21,23,25]. Preclinical interroga-
tion of BMD in the rat CIA model [39–41] often monitors areas adjacent
to the joint, but this is an incomplete assessment since damage ﬁrst oc-
curs in and around the joint itself. A method to monitor BMD that
encompassed the entire joint was needed. We validated the use of
knee and ankle BMD to monitor disease progression with a cross-
sectional study, corroborated by histology and paw thickness measure-
ments. Drug efﬁcacy, as measured by changes in BMD and using either
Dexamethasone or Prednisolone as positive controls, was corroborated
by histology and paw thickness measurements as well. The automated
analysis method we developed was validated by comparing the mean
HU and volume with the values obtained by manual segmentation.
In the cross-sectional study, we noted that bone growth occurred as
demonstrated by an increase in knee bone volume and both knee and
ankle BMD in control animals that plateaued by week 12 (Fig. 4). The
subjects were adolescent rats and it is likely that the bone was still
growing andmaturing through the course of the study. The bodyweight
of female Lewis rats increases about 13% on average from week 8 to
week 11 based on our experience and as documented by the growth
curve from the vendor [42]. Besides body weight increase, it has been
demonstrated that bone growth rate is variable in small rodents
[43–45]. Long bone adjacent to the knee and ankle joints, in particular,
is variable. Variability lies not only within different areas of the rat skel-
eton itself, but between strains of rats [43,44]. There is also evidence
that CIA administration itself causes changes in normal bone growth
patterns [46,47]. Age of induction also seems to effect bone erosion, lo-
cation, and extent of bone damage in certain rat strains [48]. The ratio-
nale behind using growing, adolescent rats is that they tend to have
faster disease onset and have a robust, well-characterized phenotype.
Many protocols and research publications cite the use of adolescent
rats for CIA experiments [7,10,37,38,48]. We anticipate that the effect
of skeletal growth of long bone included in our volume and BMDmea-
surements is lessened since our boxes cover the entire joint. Additional-
ly, we age-match our cohorts of animals in each treatment group, so
that whatever effect growth rate of bone has on either volume or BMD
should be replicated across groups, and hopefully, effectively reduced.
Longitudinal monitoring would be challenging in this CIA model in
which disease is induced during adolescence when bone growth is
still occurring because potentially disparate anatomical areas could be
represented within the bounding box during maturation.An interesting ﬁnding was that knee bone volume change always
correlated with BMD while the ankle bone volume was inversely asso-
ciatedwith BMD. In otherwords, animalswith CIA-induced BMD reduc-
tion in the ankle showed bone volume increases (Figs. 4, 5). However,
when CIA-induced animals were treated with DEX (Fig. 5), volume
and BMD data gathered ex vivo both remain near non-arthritic levels.
The changes in BMD and volume we observed may indicate that the
bone structures themselves ﬁrst weaken and, in the ankle, expand as
bone damage occurs, accounting for the increase in volume. This is in-
teresting because while changes to bone volume were observed, the
total bone mass (as calculated by bone volume × density) was affected
to a lesser degree in the ankle (data not shown). Therefore, focusing
solely on bone mass as a biomarker would not have revealed as drastic
a change in the ankle joint. A recent publication by Kocijan et al. report-
ed that both male and female RA patients increased the perimeter of
their cortical bone in the distal radius and ultra-distal radius compared
to healthy, age-matched controls [49]. This may suggest that bone vol-
ume increase (such as in the ankle of CIA animals) has an impact on
the structural integrity of bone and causes increased fracture risk in
RA patients. It is also possible that the effects of CIA immunization itself
have altered bone growth more in certain areas than others since it has
been shown that abnormally early closure of the growth plate occurs in
the long bones in this rat CIA model [46,47], which could point to the
mechanisms leading to the differential effect between BMD and bone
volume of the knee and ankle.
The tools we have described for acquisition, reconstruction,
cropping, and automated analysis can be used for other rodent models
of arthritis and inﬂammation. They have been tested successfully in
the adjuvant-induced arthritis (AIA) and streptococcal cell wall (SCW)
rat models. By simply adjusting the box sizes, the tools can also be
used in mouse models where bone in and around the knee and ankle
joints is impacted by inﬂammation, such as mouse CIA and systemic
lupus erythematosus (SLE) mouse models.
A limitation of this analysis method is that is it not outﬁtted to per-
form analysis of the distinct osseous tissue that forms the bone. Al-
though one could use the bounding box placement feature of the
automated analysis to consistently place bounding boxes as a precursor
to any analysis method, to perform trabecular analysis, higher resolu-
tion image acquisition and incorporation of a technique to separate
bone tissue types would be required. That no preparation of hind limb
samples is required with our methods after animals are sacriﬁced and
their limbs are formalin ﬁxed is a key time savings to our automation
process, but because only hind limbs are imaged, another shortcoming
is that the automated segmentation tools cannot be directly applied to
in vivo studies without major changes. Animal positioning is error
prone with in vivo CT imaging. This presents major challenges to script
automation, including: cropping hind limbs while including other bone
structures in the ﬁeld of view, successfully identifying the curvature of
the skeleton, and recognizing the turning points of the ankle and knee
for box placement. Undoubtedly, a rat or mouse holder can be designed
to hold the legs in relatively consistent positions so that the hind limb
bones can be cropped properly such that the main skeletal structures
of interest, such as the femur, tibia and paw bones are the only bones
that remain for analysis. Development of in vivo automation is ongoing.
Due to the poor contrast between soft tissues inherent in CT technol-
ogy, the methods reported here cannot address other facets of RA dis-
ease, such as cartilage damage, inﬂammatory cell inﬁltration, and
pannus formation. However, BMD of both knee and ankle joints had
good correlation with histological analyses, indicating that BMD mea-
surements can generally reﬂect histological changes while being quan-
titative, high throughput, and less time-consuming. Clinically, MRI has
been used for arthritis examination because of its superiority in soft tis-
sue contrast [50] and at least one preclinical publication has described
anMRmethod tomonitor bone erosion in vivowith automated analysis
[29]. Further development of high throughput, preclinical MRI methods
of joint evaluation in RA animal models would be very useful.
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In summary, we have developed a high-throughput method for ac-
quisition, reconstruction, cropping, and automated image analysis to
quantify BMDof hind limb samples in RA rodentmodels. This new anal-
ysis procedure allowed us to screen therapeutic candidates using BMD
of the knee and ankle joints as a biomarker of disease progression. The
key improvements to the acquisition and analysis methods we have
outlined enabled us to implement the methods as a standard screening
assay for large studieswhile providing faster data turn-around time, ex-
cellent reproducibility, and no inter-person variability. The methods
we have detailed for monitoring joint destruction are robust, high-
throughput, and can be utilized as a routine assay for validation and op-
timization of potential anti-rheumatic agents in the rat CIA model.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bone.2014.11.014.
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